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Abstract 
     Paleomagnetic measurements were performed on Eocene to Miocene sediments  on 
the northern  Kyushu Island in order to clarify the manner of the clockwise (CW) rotation of 
Southwest Japan at 15 Ma. Paleomagnetic directions indicate that Northern Kyushu was 
rotated  28  ° ±  14  ° between 30 and 14 Ma relative to northern Eurasia, while no significant 
rotation has taken place in Western Kyushu since 30 Ma. 
     The western extent of Southwest Japan which experienced the Middle Miocene CW 
rotation is truncated at the west of Northern Kyushu. The amount of rotation for the 
western part of Southwest Japan  (-28°) is smaller than that  for the main part  (---50°), 
indicating deformation on the edge of the rotated block. 
     The transpressional deformation event in the Tsushima Strait area was coeval with 
the CW rotation of Southwest  Japan. The deformation event is attributed to the  CW 
rotation of Southwest Japan about a pivot on the western  part, followed by northwestward 
translation of Western Kyushu. 
     The convergenttectonic around the western part of Southwest Japan suggests that 
the area had been situated southward relative to the present position before the  OW 
rotation. The southward translation may be inferred for Southwest Japan prior to the CW 
rotation, which is possibly linked to parallel opening of the Japan Sea before fan-shape 
spreading at 15 Ma. 
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 LIntroduction 
     The Japanese Island arcs are continental s ivers drifted from the Asian continent 
in the  formation of the Japan Sea back-arc basin (e.g., Uyeda and Miyashiro, 1974). 
 Paleomagnetism onthe arcs has documented the mode of drifting of slivers (Otofuji and 
 Matsuda,  1983, 1987;  Hayashida nd Ito, 1984;  Hayashida, 1986; Otofuji et  al., 1985a, 
1985b, 1985c, 1991;  Tosha and  Hamano, 1988;  Hayashida et  al., 1991). Otofuji et  al. 
(1985c)  demonstrated the clockwise (CW) rotation of about  50° at about 15 Ma for the 
southwest part of the Japanese Island arcs  (Southwest,Japan). 
     In Southwest Japan, pre-Neogene geologicunits are zonally arranged with 
ENE-WSW structural trend (Ozawa et  al., 1984). The zonal structure istraced continuously 
throughout the landmass (Fig. 1). On the basis of the zonal structure, the rigid block 
rotation model has been proposed for the CW rotation of Southwest Japan on the first 
approximation (Otofuji et  al., 1985c; Otofuji and Matsuda, 1987). 
     Paleomagnetic data from  San'in to Tokai districts in the main part of Southwest 
Japan (Fig. 1) have supported the rigid block rotation model because of no discrepancy 
among the data (Otofuji et al,  1985c; Hayashida, 1986). Paleomagnetic directions from the 
 easternmost part of Southwest Japan showed smaller amount of CW rotation than that for 
the main part (Itoh,  1988;  Itoh and Ito, 1989). The amount of differential rotation to the 
main part increased toward the Itoigawa-Shizuoka Tectonic Line (Fig. 1), which bounds the 
 eastern end of Southwest Japan (Itoh and Ito, 1989).  Molt and Ito (1989) interpreted the 
differential rotation by ductile deformation ofthe easternmost part. Although the northern 
Kyushu Island has been assumed as the western extent of the rigid block based on the zonal 
structure of Southwest Japan (Otofuji and Matsuda, 1987), the assumption for the coherent 
tectonic block has never been assessed  paleomagnetically in the Kyushu Island. 
     The CW rotation of Southwest Japan based on the rigid block rotation model has 
been linked to the opening of the Japan Sea at about 15 Ma (e.g., Otofuji et al., 1985c). 
The rotation pivot of the rigid block has  been located in the  Tsushima Strait area, near its 
western margin (34°N and 129°E; Otofuji and Matsuda, 1983). When Southwest Japan is 
rotated back to the Asian continent about he pivot, the Japan Sea is almost closed (Otofuji 
and Matsuda, 1983). The age of the CW rotation has been thus taken as the formation age 
of the Japan Sea. On the  other hand, geological and geophysical evidence for older 
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Fig.  1.  Map  showing  the  present  configuration  of  the  island-  arc—back-arc  basin  system 
  around the the Japan Sea. Median Tectonic Line  (MTL) and Butsuzo Tectonic Line 
 (BTL) represent he general trend of the zonal structure of the  pre- Neogene geologic 
  units in Southwest Japan. Solid circles denote localities of  paleomagnetic data before 
   about 15 Ma which have documented a clockwise rotation of the coherent Southwest 
  Japan block (Otofuji et  al., 1985c;  Hayashida, 1986;  Nakajima and  "'hooka, 1986; 
  Otofuji and Matsuda, 1987; Fukuma and  Torii, 1990; Hayashida et  al., 1991; Otofuji et 
   al., 1991).  1-STL:Itoigawa-Shizuoka Tectonic Line,  T-GTL:Tsushima- Goto tectonic 
   line, YF:Yangsan Fault. 
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initiation of the Japan Sea has been accumulated from  on-land and the Japan Sea (Tamaki, 
 1986;  Isezaki,  1986; Ingle et al., 1990;  Kaneoka  et  al., 1990,  1991: Tamaki et al., 1990). 
    The purpose of this article is to assess the rigid block rotation model for the CW 
rotation on the western part of Southwest Japan.  Paleomagnetic measurements were 
carried out on samples from Tertiary sediments distributed in the northern Kyushu  Island 
(Fig. 2).  Paleomagnetic directions from the region is crucial to reveal the manner of the 
CW rotation of Southwest Japan and associated tectonics around its western margin. 
 Ishikawa et al.  (1989) and  Ishikawa and Tagami (1991) performed paleomagnetic and 
geochronologic  investigations on the Tsushima and Goto Islands in the  Tsushima Strait 
area (Fig. 1). These  works revealed the early to middle Miocene compressive deformation 
event in the  Tsushima Strait area, followed by the counter-clockwise (CCW) rotations of 
the two archipelagoes at around 15 Ma. In conjunction with these tectonic movements, the 
manner of the CW rotation of Southwest Japan will  be discussed  in this study. 
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Fig. 2.  The simplified geological map of the northern Kyushu Island. 1:Middle Miocene igneous rocks, 2:Paleogene 
   to Miocene sedimentary sequences, 3:late Cietaceous granitic rocks, 4: other pre-Neogene geologic units. 
 Paleomagnetic samples were collected from the areas enclosed by rectangles.
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Fig. 3.  Stratigraphic orrelation among the Paleogene to Miocene rocks in sampling areas and the Goto and 
 Tsushima Islands (after Kano et al.(1991), Sakai and Nishi (1990), Tashiro et al. (1980), and Miki (1981)). 
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2.Geological setting of the studied areas 
 The coal-bearing Paleogene  sedimentary sequences are widely distributed in the 
 northern Kyushu  Island. Neogene sequences are disposed in the northwestern  part, 
overlying the Paleogene  sequences  unconformably (Fig. 2).  Paleomagnetic studies were 
performed on these Paleogene and Neogene  sedimentary rocks at the four areas: the 
 Sasebo-Imari, Kita-Kyushu, Amakusa, and Omuta areas (Figs. 2 and 3) 
 Sasebo-bnari area 
 Paleogene to middle Miocene sediments are distributed at the  Sasebo-Imari area 
(Fig. 4). The sediments overly the late Cretaceous granitic rocks, the Nagasaki 
metamorphic rocks and mylonitic granites. The sediments are overlain by Late Miocene 
Kita-Matsuura  basalts and the other late  Miocene or younger volcanic rocks. Tuff and 
 mudstone samples were collected at 16 sites: five sites of the  Kishima Group, three of the 
 Ainoura Group, two of the Sasebo Group and six of the Oya Formation of the Nojima 
Group (Figs. 3 and 4). 
     The geologic age of each  sedimentary unit has been estimated based on 
paleontological and  radiometric age data (e.g., Kano et  al.,  1991). The  Kishima Group 
yields abundant marine fossils of the Ashiya fauna, and has been correlated to the Ashiya 
Group. The Ainoura Group yields abundant plant fossils, the Ainoura type flora, and 
marine fossils of the  Ashiya fauna. The Sasebo Group yields plant fossils of the  Aniai-type 
flora. Sakai et al. (1990) found  planktonic foraminifera assigned to P.21 to N.4 in Blow's 
zone (Blow, 1969) from the upper part of the group. The Oya and Fukazuki  Formations of 
the Nojima Group yields plant fossils of the Daijima-type flora. Two zircon fission-track 
ages of 18.5±2.3Ma nd 18.9±2.9Ma were determined on two samples from tuff beds at 
the basal part of the Fukazuki  Formation (Sakai et  al., 1990). The age of collected samples 
ranged  from Oligocene to Early  Miocene. 
 Kita-Kyushu area 
     The Paleogene sediments  in the Kita-Kyushu area are divided into three groups: the 
Nogata, Otsuji, and Ashiya Groups in ascending order (Fig. 3). The sediments overly the 
Cretaceous granitic rocks and the basement rocks of the Permian Sangun metamorphic 
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     Fig. 4. Locations of sampling sites (solid circles with numerals) in the  Sasebo-Imari area. 
        Geological map was simplified from Geological  Survey of Japan (1959 and  1939). 
         1:Alluvium,  2:Late Miocene or younger volcanic rocks, 3:middle Miocene  granitic 
        rocks,  4:Hirado Formation,  5:Nojima Group, 6:Sasebo Group,  7:Ainoula Group, 
 3:Kishima Group,  9:Ochi and Matsushima Group,  10:Takashima, Terashima and 
        Akasaki Groups, 11:late Cretaceous granitic rocks, 12: Nagasaki metamorphicrocks,
         F:faults. 
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Fig. 5. Locations of sampling sites (solid circles with numerals) in the Kita-Kyushu area. 
   Geological map was simplified Tsuchi et al.  (1937). 1:Waita Formation, 2:Sakamizu 
 Formation, 3:Yamaga Formation, 4:Otsuji Group, 5:Mesozoic rocks. 
                     9
rocks,  the Paleozoic  sedimentary rocks, and the late Cretaceous Kanmon Group (Fig. 2). 
 Paleomagnetic samples were collected at  18 sites of  mudstone
, fine sandstone and tuff 
from the Ashiya Group (Fig.  5). 
     The Ashiya Group is divided into three  formations:  the Yamaga, Sakamizu, and 
Waita Formations  in ascending order (Fig. 3), and each formation is lithologically 
subdivided into two or  tluee members.  Tsuchi et al.  (1987) obtained planktonic 
foraminifera assemblages assigned to P.21 in Blow's zone (Blow, 1969) from five horizons 
covering the whole group. Saito and Okada  (1984) correlated calcareous  nannoplankton 
assemblages from  the upper part of  the Yamaga Formation to CP  18. These 
 micropaleontological data indicate that  the whole  Ashiya Group is probably assigned to 
the  Oligocene in age (Tsuchi et  al.,  1987). 
 Ainakusa area 
 Paleogene sediments at the Uto Peninsula and  the Amakusa Islands in the 
Amakusa area overly the late Cretaceous Himeura Group  unconformably (Fig. 6). The 
sediments cover the Nagasaki metamorphic rocks  on  the western coast of  the Shimoshima 
Island (Fig. 6). The whole  sequence of the Paleogene  sediments is disposed at the 
 Kamishima  Island, and divided into three groups (Miki,  1981): the Akasaki,  Kamishima, 
and Sakasegawa Groups  in ascending order (Fig. 3).  Planktonic foraminifera and 
radiolaria, of which ages were assigned to Middle Eocene, were found on  the  Shimoshima 
Island from the strata corresponded to the Kamishima and Sakasegawa Groups (Yasuda, 
 1984).  Tashiro et al. (1980) obtained calcareous  nannofossiles corresponding to Discoaster 
 sublodoensis  zone  (48.0-49.5Ma) of  Bukly (1973)  from  the beds corresponded to the 
Akasaki Group at the southernmost part of  the Shimoshima Island. 
     Paleomagnetic measurements were performed on samples from the Akasaki Group. 
The Akasaki Group is mainly composed of purple-red mudstone and sandstone. Miki and 
Matsueda  (1985) revealed that the pigmenting agent responsible for the characteristic 
color was hematite which filled interstices  among the grains. They suggested that  the 
hematite was supplied from schists and igneous rocks as detrital fine  minerals and from 
ground water as hydroxide, which aged to hematite through diagenetic dehydration. 
 Mudstone and  sandstone samples with purple-red color were collected at eight sites in  the 
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Uto Peninsula and the  Iwajima,  Maejima and  Kamishima islands (Fig. 6). The Paleogene 
sequences on the Katuishima Island have NNE- SSW trending fold axes, and bedding of 
the strata is generally  10° to 30° (Inoue, 1962; Miki, 1975).  The strata in the Uto Peninsula 
generally dip  10  °-20  °to the west  (Inoue, 1962;  Miki, 1975). 
 Omuta area 
     Paleogene sediments in the  Omuta area overly the Cretaceous granitic rocks and the 
Chikugo metamorphic rocks, which has  been correlated to the Sangun metamorphic rocks 
(Fig. 7). The sediments are divided to three  units (Miki, 1981); the  Ginsui Formation and 
the Omuta and Manda Groups in ascending order (Fig. 3).  Paleomagnetic samples were 
collected at eight sites of  nutdstone and sandstone from the Ginsui Formation. The Ginsui 
Formation is mainly composed of  mudstone and sandstone with purple-red color, and has 
 been correlated to the Akasaki Group in the Amakusa area (Miki, 1981). 
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Fig. 7. Locations of sampling sites (solid circles with numerals) in the  Omuta area. Geological map was simplified 
   from Fukuoka Prefecture (1937). 1:Manda Group, 2:Omuta Group,  3:Ginsui Formation,  4:Cretaceous granitic 
   rocks, 5:Chikugo metamorphic  rocks. 
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3.  Palemnagnetic analysis 
3-1.  Field and Laboratory procedures 
 Sedimentary rock samples were collected  mainly using a  gasoline-powered core 
drill and partially by hand sampling. Each site consists of six to fourteen core or block 
samples oriented by a magnetic ompass. One or  two cylindrical specimens of 24 mm in 
diameter and 22 mm  in height were prepared from each sample. Cubic specimens ofabout 
20  mm were prepared from  broken. hand  samples during coring at the  laboratory. Natural 
remanent magnetization (NRM) was measured by a cryogenic magnetometer (ScT  C-112) 
at Department of  Geology  and  Mineralogy, Kyoto University. The noise level of the 
magnetometer was 0.02 nAm2. 
     Progressive thermal and alternating-field (AF) demagnetizations were performed 
on two or three pilot specimens from each site. Thermal demagnetization was  made in a 
air using a  noninductively wound electric furnace settled in a four-layered  tt-metal 
magnetic shield. The stray field was reduced to less than 5  nT. AF demagnetization was 
made using a three-axis tumbler system contained in a three-layered  p..-metal shield. 
Maximum peak field produced by the AF demagnetizer was 100  niT. 
     Pilot  demagnetization result was plotted on both orthogonal 
vector-demagnetization d agram  (Zijderveld, 1967) and equal-area projection. Individual 
magnetic components for each pilot specimen were picked on the basis of a  linear decay of 
vector-end points toward the origin of the diagram. The vector-end points were sometimes 
aligned  along a curved line decaying toward the origin on the diagram, which  implied 
considerable overlap of  unblocking temperature or coercivity spectra of two (or more) 
components. In such case, the vector-end points defined an arc of a great circle on the 
equal-area projection, which is called remagnetization circle (e.g., Halls, 1976). The 
remagnetization circles of pilot specimens of  individual site tended to converged into a 
common direction. The common direction was considered to be the direction of the 
component with higher  unblocking temperature or coercivity. 
 When pilot demagnetization results yielded  the stable components shown as straight 
 line decaying toward the origin of the diagram or the  remagnetization circles  on the 
equal-area projection, all remaining specimens of the site were progressively 
demagnetized. The direction of the stable component was obtained using principal 
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component analysis  (Kirschvink, 1980), anchored to the origin of the diagram. Site-mean 
directions of the stable components and associated statistical parameters were calculated 
(Fisher, 1953). The common direction sheared by the remagnetization circles was 
calculated using the method of McFadden and  McElhinny (1988), if available, combining 
the directions of the stable component. The site-mean direction calculated by  the two 
methods was regarded as a characteristic direction of the site. 
3-2 Demagnetization results and characteristic directions 
 Sasebo-Inlari area 
     The specimens of all sites in the  Sasebo-Imari area except Sites 9 and 11 had 
intensity of initial NRM between the order of  10-9 to 10-8  Am2. The intensities of  the 
specimens of Sites 9 and 11 were the order of 10-10  Am2. The unstable components with 
normal polarity, probably viscous overprint of the recent geomagnetic field direction, were 
generally erased in the lower demagnetization range approximately below 240°C and/or 10 
 mT (Fig. 8). After removal of the unstable component, the specimens of  seven sites 
among 16 sites yielded one or two magnetic omponents. 
     The specimens of Sites 5 and 10 yielded the stable components in the temperature 
range between  360  °C and 600°C (Fig. 8-1). The stable components of the two sites were 
recognized as a straight line toward the origin. The specimens of Sites 6 and 12 provided 
approximate linear decay of the vector-end points toward the origin in the 
demagnetization range from  240  °C to  360  °C or  470  °C, while those of Site 13 in the range 
between 10  mT and 20  mT for Site 13 (Fig. 8- 2). The erratic behaviors of the remanence 
occurred in higher demagnetization levels for  the specimens of Sites  6,12 and 13. 
     Two specimens among nine specimens of Site  11 yielded  the stable components 
decaying toward the origin in the demagnetization range between 10  mT and 25 mT (Fig. 
8-3a). The other two specimens provided  remagnetization circles in the range from 5 mT to 
15 mT (Fig. 8-3b), followed by unstable behaviors of the remanence because of the very 
weak intensities  (  <1  x  10-11Am2). Intensities of NRMs of the rest five specimens were 
initially  very weak. A characteristic site mean direction of Site 11 was calculated by 
combining the two remagnetization circles with  the two directions of  the stable components 
based on  the method of McFadden and McElhinny (1988) as shown in Fig. 8-3c. 
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   Fig. 8-1. Vector-demagnetization diagrams of progressive demagnetization for samples 
      from the Sasebo-Imari area. Stable component was recognized as a straight line 
      toward the origin on the diagram. Solid and open circles are projections on horizontal 
       and N-S vertical planes, respectively.  PTHD:progressive thermal demagnetization, 
      PAFD:progressive alternating field demagnetization. 
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  Fig. 8-2. Vector-demagnetization diagrams of progressive demagnetization for samples 
 from the Sasebo-Imari  area. Stable component shown as straight line decaying toward 
     the origin on the  diagram were isolated more effectively by the  P11-ID (a) or thePAFD 
     (b). Symbols are the same as in Fig. 8- 1. 
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Fig. 8-3. Progressive demagnetization results and site-mean direction  from Site 11 in the Sasebo-Imari 
   area. a and b: magnetic behaviors during progressive AF demagnetization vector-demagnetization 
   diagram (left) and equal-area projection (right). Open circles on equal-area projection are on the 
   upper hemisphere. a: this demagnetization result provided stable component. b: this 
   demagnetization result provided remagnetization circle.  The  remagnetization circle was fitted by 
   least-square great circle. c: a site- mean direction of Site 11 (open square with oval) was obtainedby 
 combining  the  remagnetization circles as shown in (b) into the direct directional data (open circles) as 
  shown (a) after McFadden and McElhinny (1988). Oval around the site-mean direction indicates 
   95% confidence limit. 
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     The demagnetization results from the three specimens of Site 8 showed the 
existence of two magnetic omponents in the temperature range between 320°C and 620°C 
(Fig. 8-4).  One specimen among the three provided the linear decay of the vector-end 
points toward the origin between 540°C and 620°C (Fig. 8-4a). The higher-temperature 
component had north declination with positive inclination. The remagnetization circles of 
the rest two specimens in the temperature range between 320°C and 540°C implied the 
existence of the components imilar to the high-temperature component (Fig. 8-4b). The 
site mean direction of the higher temperature components was calculated by combining 
two remagnetization circles with one directional datum as shown in Fig. 8-4c. 
     The characteristic directions were obtained from seven sites among 16 sites (Table 
1); two sites from the Oya Formation of the Nojima Group, one from the Sasebo Group, 
one from the  Ainoura Group, and three from the Kishima Group. The radius of 95% 
confidence circle of Site 8 was larger than  20°, while those of other sites were smaller. The 
direction of Site 8 was discarded from the further consideration. Four site mean direction 
among the rest six sites had north declination with positive inclination in in-situ 
coordinates, and the other two had south declination with negative inclination (Fig. 9). 
Although the in-situ directions with normal polarity were close to the present geomagnetic 
field direction, the demagnetization results showed that viscous overprints of the recent 
geomagnetic field were erased at the lower demagnetization levels. The  untitled 
directions howed a better antipodal relationship in a north-to-south trend than the in-situ 
directions (Fig. 9; Table 1), although the fold test of McElhinny (1964) did not pass at the 
95% confidence level  (k2,11=1.61;i.e., the ratio of precision parameter before  [kJ.] and 
after [k2] tilt correction).  The antipodal relationship indicated that the  unfilled directions 
represented  the directions of the ancient geomagnetic field at the time of the deposition. 
The overall mean of the untilted directions  (D=-7.0°,  1=52.9°, a95=9.7, and k=48.8) was 
considered to be a mean  paleomagnetic direction of the Kishima to the Nojima Groups, 
namely Oligocene to Early Miocene in  the Sasebo-Imari area. 
Kita-Kyushu area 
     Intensities of initial NRM of the specimens from the Ashiya Group ranged form 
2x  10-9 to  5  x  10-8  Amt.  The NRM of the specimens generally showed erratic changes in 
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Fig. 8-4. Progressive demagnetization results and site-mean direction from Site 8 in the Sasebo-Imari 
   area. a: vector-demagnetization diagrams of progressive thermal demagnetization. This 
   demagnetization result provided stable component. b: vector-demagnetization diagrams (left)and 
  equal-area projection (right) of progressive thermal demagnetization. Solid and open circles on 
   equal-area projection are on the lower and upper hemispheres, respectively.  This demagnetization 
   result provided remagnetization circle. The remagnetization circle was fitted by least-square great 
  circle. c: a site-mean direction of Site 8 (Solid square) was obtained by combining the 
  remagnetization circles as shown in (b) into the direct directional data as shown (a) after McFadden 
  and McElhinny (1988). Oval around the site-mean direction indicates 95% confidence limit. 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































intensity and direction at the demagnetization levels approximately above 400°C or 25  rnT. 
Below about 400°C  or 25  mT, demagnetization results of eight sites among the 18 sites 
provided curved lines of the  vector-end points  decaying toward  the origin of the diagrams, 
which were recognized as remagnetization circles on equal-area projection (Fig. 10). Those 
results indicated overlap of two magnetic omponents; one (the unstable component) was 
mainly isolated below about 240°C or 10  mT,  and the other (the stable component) above 
about 240°C or 10 niT (Fig. 10). The site-mean direction of  the stable components was 
calculated from  the remagnetization circles for each site based on  the method of 
McFadden and McElhinny (1988) as shown in Fig. 10. 
     The characteristic directions of the eight sites were shown and listed in Fig. 11 and 
Table 2, respectively. All characteristic directions except that of Site 3 showed a better 
antipodal relationship with the NE-SW trend after tilt correction. Although  the fold test of 
 McElhinny (1964) did not pass at the 95% confidence limit  (k2/k1=2.14), the antipodal 
relationship suggested that  the  untilted directions of the seven sites represented the 
directions of  the  primary magnetic components acquired at the formation of the Ashiya 
Group. An anomalous direction of Site 3 may be attributed to a record of the transitional 
field during a geomagnetic reversal or a local tectonic disturbance around Site 3.  The latter 
was probably less possible because  the bedding of strata at site 3 shows approximately same 
trend to the general trend of the  Ashiya Group. A  mean direction was calculated from the 
untilted direction of  the seven sites: D=35.9°,  1=45.7°,  a95=11.5°. and k=28.7. This 
direction was regarded as a paleomagnetic direction of the Oligocene Ashiya Group. 
     The characteristic directions obtained from the  Norimatsu shale member of the 
Yamaga Formation showed a change of  the polarity (Fig. 12). The Norimatsu member was 
correlated to CP 18 of the calcareous nannoplankton biostratigraphy (Saito and  Okada, 
1984) and to the basal part of Zone  P.21  (P.21a) of the  planktonic foraminifera one (Tsuchi 
et al., 1987). This polarity change is correlated to that between  Chron 10 and Chron 11 of 
 the magnetostratigraphy (Fig. 12) after Berggren et al. (1985). The age of the Norimatsu 
member is assigned to about 31.2 Ma.  The paleomagnetic direction of  the Ashiya Group 
obtained in this study is thus regarded as the paleomagnetic direction of around 30 Ma for 
the  Kita-Kyushu area. 
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Fig. 12. Stratigraphical positions of  paleomagnetic samples from the Ashiya Group. 
   Numerals denote paleomagnetic sampling site numbers. Solid and open circles 
   indicate normal and reverse polarity, respectively. Site 3 provided anomalous 
   remanent direction as described in the  text. Micropaleontological sites areindicated 
   by solid triangles (Tsuchi et  al., 1987) and bars (Saito and Okada, 1984). Cenozoic 
   time scale of Berggren et al. (1985) is adopted. 
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Amakusa area 
 The specimens of all sites but Site 8 from the Akasaki Group had intensity of initial 
NRM of the order of 10-8 to  10-7  Am2. The intensities of the specimens of Site 8 were the 
order of  10-9  Am2. Five sites among the eight sites yielded the stable components with 
higher  unblocking  temperature above 600°C during progressive thermal demagnetization 
(Fig. 13). The maximum AF demagnetization (100  mT) could not isolate the components 
similar to the higher temperature components (Fig. 13). 
     The specimens of Sites  1 and 6 yielded essentially single stable components. The 
linear decay of the magnetic vector was clearly recognized in the temperature range 
approximately between 590°C and 650°C (Fig. 13a). The specimens of Sites 4, 5 and 14 
provided two  components (Figs. 13b and c). One was isolated in the lower temperature 
range between 120°C and 280°C for the specimens of Sites 4 and 5 (Fig. 13b) and in the 
range from  120°C to  440°C or  500° for those of Site 14 (Fig. 13c). The other components 
were isolated in the higher temperature range above 280°C for Sites 4 and 5, especially 
between 590° and 650°, and in the range between 590°C and 680°C for Site 14. The 
 magnetic vector of the higher-temperature component decayed uniformly toward the origin 
 on the diagram. 
     The site-mean directions of the components with high  unblocking temperature from 
Sites 1, 4, 5, 6 and 14 showed a tight cluster with southwest declination and negative 
inclination in in-situ coordinates, while the untilted directions were fairly scattered (Fig. 
14). The common magnetic omponent was regarded as a  secondary component acquired 
after the formation of the fold system on the  Kamishima Island and the Uto Peninsula. 
The reverse polarity of the component indicated that the component had been acquired 
before Brunhes Chron. Demagnetization results implied hematite to be the remanence 
carrier of the  component. Judging from  secondary origin of hematite in the Akasaki Group 
(Miki and Matsueda, 1985), the components carried by hematite was chemically acquired. 
     A mean direction calculated from the in-situ directions of Sites 1, 4, 5, 6 and 14 was 
 D=-148.3°,  I=-50.4°,  a05=7.5°, and k=105.4 (Table 3). The  mean directionwas 
significantly different with the expected irections of the present geomagnetic field  and the 
geocentric axial dipole field at  this area. 
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 Omuta area 
     The specimens from the Ginsui  Formation showed variable intensity of initial 
NRMs ranging between the order of  10-1" to  10-8  Am2 in each site except Site 1. The 
intensities of the specimens of Site  1 was about 2x 10-8  Am2. 
     The specimens of Site  1 provided the stable components by  the thermal 
demagnetization. The components howed approximate linear decay toward the origin on 
the diagram in the temperature range from 500° to  640° (Fig. 13d). Their NRM directions 
and intensities did not change  during progressive AF demagnetization (Fig. 13d). These 
demagnetization results indicated that hematite was the carrier of the stable component 
from Site  1. The site-mean direction of the stable components from Site 1 had southwest 
declination with negative polarity in  ill-situ coordinates (Fig. 15 and Table 3). It was close 
to the characteristic  remanent directions from the Akasaki Group in the Amakusa area in 
in-situ coordinates. 
 Unfortunately, no directional data but Site  1 of the Ginsui Formation have been 
reported from  the sediments  in the Omuta area. It was impossible to judge whether or not 
the stable component of Site  1 was  primary. The remanent direction of Site 1 was 
discarded from the further consideration. 
3-3. The estimation of tectonic displacements 
     Virtual geomagnetic pole(VGP) positions for the  Sasebo- Imari and Kita-Kyushu 
areas are shown in Fig. 16, together with the paleomagnetic poles of 20 and 30 Ma for 
northern Eurasia (Irving and Irving, 1982) and the  main part of Southwest Japan (Otofuji 
and Matsuda, 1987). The discrepancies among these poles represent relative tectonic 
displacements among these areas. Taking the  paleomagnetic poles as references, the 
amount of tectonic displacement for the  Sasebo-Imari and  Kita-Kyushu areas are 
calculated  from the obtained  paleomagnetic directions (Table 4) based on the definitions 
of Beck (1980) and Demarest (1983). 
     The VGP for  the Sasebo-Imari area is close to the  paleomagnetic poles for northern 
Eurasia, pointing the geographic north. Taking the 20 Ma paleomagnetic pole of northern 
Eurasia (Irving and Irving, 1982) as a reference, the paleomagnetic direction for the 
 Sasebo-Imari area shows no significant discrepancies in both declination and inclination. It 
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Fig. 16. Equal-area projections of virtual geomagnetic poles for the Sasebo-Imari (SI), 
   Kita-Kyushu (AS), and  Amakusa (AM) areas.  EU20 and  EU30 are  northern Eurasia 
   paleomagnetic poles for 20 and 30 Ma (Irving and Irving, 1982).  SW20 and  SW30 are 
 the paleomagnetic poles for 20 and 30 Ma from  the main part of Southwest Japan 
  (Otofuji and Matsuda, 1987). 












































































































































































































































































































































































































































































































































































































































































































































































is indicated that the  Sasebo-Imari area has been subjected to little significant tectonic 
displacement relative to northern Eurasia since about 30 Ma. 
     The VGP for the Kita-Kyushu area is different from the  paleomagnetic poles for 
northern Eurasia and the main part of Southwest Japan. The paleomagnetic direction for 
the Kita-Kyushu area yields a significant discrepancy of 27.8° ±  13.8° in declination when 
the 30 Ma paleomagnetic pole of northern Eurasia (Irving and  Irving, 1982) is taken as a 
reference. It is suggested  that the Kita-Kyushu area had  been subjected to a CW rotation 
of  28  ° relative to northern Eurasia since about 30 Ma. The discrepancy in inclination 
 (11.1  ° ±  9.7  °) is also significant, which may imply northward translation relative to 
northern Eurasia. This discrepancy is however compatible with uncertainty at 95% 
confidence limit. The northward translation is not very convincing. Further work is needed 
to establish its significance. On the other hand, taking the 30 Ma paleomagnetic pole of the 
main part of Southwest Japan (Otofuji and Matsuda, 1987) as a reference, the discrepancy 
in declination is significant (-28.2° ±  11.5°). It is indicated that the  Kita-Kyushu area have 
been subjected to a counter-clockwise (CCW) rotation relative to the main  part of 
Southwest Japan since about 30 Ma. 
     The VGP for the secondary component directions from the Akasaki Group  in the 
Uto Peninsula and the Kamishima Island is different from the geographic north, and it is 
close to the VGP for the  Kita-Kyushu area (Fig. 16). The Uto Peninsula and the 
 Kamishima Island might have shared a rotational motion to  which the Kita-Kyushu area 
was subjected. A tilting about a  horizontal axis is also possible to explain the discrepancy 
between the VGP of the Akasaki Group and the geographic north. The discrepancy 
implies a tilting of about  25  ° toward the WNW direction around a horizontal axis with the 
strike of about  N13  °E. However, the geologic structures of the Paleogene sequences on the 
Uto Peninsula  and the Kamishima Island do not appear to support he implied tilting of 
the whole area. 
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4. Discussion 
 4-1. Rotational motions in the northern Kyushu Island 
     Declinations of paleomagnetic data from  the  northern Kyushu Island and the 
neighboring regions are shown  in Fig. 17. The deflection from the north in declination 
represents the sense of rotational motion. From the view point of the deflection, two 
different tectonic blocks are inferred in  the northern Kyushu Island, namely the main part 
of the  northern Kyushu Island (Northern Kyushu) and the western part (Western Kyushu). 
The CCW deflections from the Tsushima and Goto Islands indicate that the Tsushima 
Strait area belongs to another tectonic block. The CCW deflections was interpreted as the 
CCW block rotations in the  Tsushima Strait area at around 15 Ma  (Ishikawa et al., 1989; 
Ishikawa and Tagami, 1991). 
     The CW deflected directions characterize Northern Kyushu. The CW deflections 
can be explained by the CW rotation indicated by the  paleomagnetic direction for the 
Kita-Kyushu area, although the remanent directions of the Cretaceous granites and the 
Akasaki Group in  the Amakusa area are not corrected for tilting.  Torii and Ishikawa 
(1986) found non-deflected paleomagnetic directions from  the Middle Miocene Ono 
volcanic rocks and Sobosan-Okueyama volcano-plutonic complex (Fig. 17). The K-Ar ages 
of 13-14 Ma have been reported from these igneous rocks  (Shibata and Ono, 1974; Shibata, 
1978; Tatsumi et al., 1980). It is suggested that the CW  rotation of  Northern Kyushu 
occurred sometime between 30 Ma and 14 Ma. 
     Western Kyushu yields non-deflected irections. The paleomagnetic direction for 
the Sasebo-Imari area shows no significant rotation of Western Kyushu relative to northern 
Eurasia since about 30 Ma. It is supported by  non-deflected remanent direction of the 
Late Miocene  Kita-Matsuura basalts (Creer and Ispir, 1970;  Nomura, 1967; Ozima et al, 
1968). 
4-2. The CW rotation of Southwest Japan and associated tectonics 
     Southwest  Japan has been regarded as a coherentrigid block which was subjected to 
the CW rotation of about 50° at about 15 Ma (e.g., Otofuji and Matsuda, 1987). In terms of 
the CW rotation of  50° at 15 Ma, both Northern Kyushu and Western Kyushu, as well as 
the Tsushima Strait area (Ishikawa and  Tagami, 1991), are excluded from the Southwest 
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Fig. 17. Paleomagnetic declinations from the northern  Kyushu Island with 95% confidence 
  limit (Ozima, et al., 1968;  Torii and Ishikawa, 1986; Otofuji and Matsuda, 1987; 
   Ishikawa et al., 1989;  Ishikawa, 1990; Ishikawa and Tagami, 1991). Goto Islands 
   represents a mean declination of the Goto Group recalculated from Ishikawa and 
   Tagami (1991).  Kiia-Matsuura  Basalts represents a mean declination recalculated 
   from remanent directions of Ozima  et  al. (1968) with smaller  a95 than  20% Main part 
   of Southwest Japan is the 20 Ma paleomagnetic direction of Otofuji and Matsuda 
   (1987). 1:pre-Neogene g ologic units in the  Kyushu Island. 2:Sanbagawa metamorphic 
   rocks. 3:Nagasaki metamorphic rocks.  YF:Yangsan Fault.  T-GTL:Tsushima-Goto 
   tectonic line. S:Sasagawa thrust. 
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Japan block. 
     The extent of the Southwest Japan block has been assumed based on the ENE-WSW 
trending zonal structure of the pre-Neogene geologic units in Southwest Japan (e.g., 
Otofuji and Matsuda, 1987). The  high-P/T metamorphic belt in Southwest Japan, the 
Sanbagawa metamorphic rocks, forms one part of the zonal structure of Southwest Japan, 
and its western extent is somewhat obscured (Fig. 17).  In Western Kyushu, the  high-P/T 
Nagasaki  metamorphic rocks with N-S trending structure is distributed (Fig. 17). Faure at 
 al. (1988) correlated the Nagasaki metamorphic rocks to the Sanbagawa metamorphic 
rocks based on the similarities of lithology,  metamorphism, stratigraphic and radiometric 
ages, and  deformation style. The similarities was interpreted to show that the two 
 metamorphic rocks had been formed by the same geodynamic processes in a tectonic belt 
(Faure et al., 1988). However, the two metamorphic rocks show different structural trend, 
implying Western  Kyushu to be a different  tectonic block from Southwest Japan (Kizaki, 
1979, 1986; Faure at  al., 1988). The difference between Western Kyushu and Southwest 
Japan is also indicated paleomagnetically by this study. The inconsistency in structural 
trend strongly suggests the differential rotation between Western Kyushu and Southwest 
Japan. 
     The CW rotation of Northern Kyushu can be attributed to the CW rotation of 
Southwest Japan at about 15 Ma because the zonal structure in  the main part of Southwest 
Japan is continuously traced to  Northern Kyushu (Ozawa, et  al., 1984). The significant 
differential rotation between Northern Kyushu and the main part of Southwest Japan 
suggests maller amount of CW rotation for the western part of Southwest Japan during  the 
CW rotation of the whole Southwest Japan. Murata (1987a,b) and Kano et al. (1990) 
pointed out that the structural trend of the pre-Neogene geologic units is different between 
the Kyushu  Island and the main part of Southwest Japan; the trend is  N55  °  ±5  °E in the 
Kyushu Island  and  N75  °±5  °E in the main part of Southwest Japan (Kano et  al. 1990). The 
discrepancy  in the structural trend was probably caused by  the differential rotation between 
 the western and the main part of Southwest Japan during the CW rotation. The rigid block 
rotation model for the CW  rotation of Southwest Japan (e.g., Otofuji and Matsuda, 1987) 
should be modified so as to accept small deformation on  the western end. 
     At the time of  the CW rotation of Southwest Japan, the Tsushima and Goto Island 
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in the  Tsushima Strait area were rotated CCW  (Ishikawa and Tagami, 1991), and Western 
Kyushu was not subjected to significant rotation. In the Tsushima Strait area, several large 
scale faults are found by seismic investigations (e.g.,  Tomita et  al., 1975; Katsura and 
 Nagano, 1976). The Tsushima and  Goto Islands are regarded as fault-bounded blocks 
(Katsura and  Nagano, 1976). The CCW rotations of the two archipelagoes were 
interpreted as block rotations in response to the fault movements in the Tsushima Strait 
area, especially the sinistral motion of the  Tsushima-Goto tectonic line (Ishikawa and 
Tagami, 1991; Fig. 17). On the other hand, any large scale faults bounding the blocks are 
not observed in geological features between Western Kyushu and Northern Kyushu, as well 
as in Southwest Japan. The plastic deformation might have been caused by the CW 
rotation of Southwest Japan around the  boundary regions. 
     The Tsushima Strait area was subjected tocompressive deformation due to NW-SE 
compressive force after the deposition of pre-middle Miocene sediments (Shimada, 1977; 
Hoshino, 1985). The sinistral motion of the NNE-SSW trending  Tsushima-Goto tectonic 
line and other fault movements in the area occurred during the compressive deformation 
event (Katsura and  Nagano, 1976; Shimada, 1977; Hoshino, 1985), which caused the CCW 
block rotations  in the Tsushima Strait area (Ishikawa and Tagami, 1991). These tectonic 
features probably suggest he transpressional tectonic regime  in the Tsushima Strait area 
(Koga, 1982). Ishikawa and Tagami (1991) estimated the age of the compressive 
deformation event. They suggested that the compressive deformation event was  coeval 
with the CW rotation of Southwest Japan. 
 The transpressional tectonic regime  in the Tsushima Strait area indicates the 
convergence of the western margin of Southwest Japan toward the Korean Peninsula during 
the CW rotation.  This can be attributed to the CW rotation of Southwest Japan about a 
pivot placed on the western part (Fig. 18). The rotation pivot has been located at  34°N 
 and 129°E in the Tsushima Strait area (Otofuji and Matsuda, 1983). However, the CW 
rotation of Southwest Japan about the pivot of Otofuji and Matsuda (1983) seems to bring 
divergent motion of the western margin away from the  Korean Peninsula. 
     Associated with the convergence of the western marginofSouthwest Japan, Western 
Kyushu was probably translated northwestward (Fig. 18). The paleomagnetic direction for 
the Sasebo-Imari area shows no significant ectonic displacement since about 30 Ma (Table 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4). However, the amount of the northwestward translation appears to be smaller than 
which  can be detected  significantly by means of  paleomagnetism. The possibility of the 
northwestward translation can not be rejected paleomagnetically. The NE-SW trending 
Sasagawa thrust in the Sasebo-Imari area (Fig. 17) activated  in early to middle Miocene 
time (Nagahama, 1965). The time and sense of the thrust movement possibly imply the 
northwestward translation of the NW Kyushu during  the  transpressional event in the 
 Tsushima Strait area. 
4-3. The mode of drifting of Southwest Japan during the Japan Sea opening 
     The convergent tectonics around the western part of Southwest Japan during its CW 
rotation suggest hat  the western part had been located southward to the present position 
before its CW rotation (Fig. 18). The  correlation of on-land  geology between the Korean 
Peninsula and Southwest  Japan has indicated that the western part of Southwest Japan had 
been situated near  the Korean Peninsula  more closely  than the present position in 
Cretaceous time (Ichikawa, 1972; Kimura, 1974; Shimazaki et al., 1981; Hoshino, 1985). It 
is inferred that the southward rift of Southwest Japan relative to the Asian continent 
occurred prior to  the CW rotation. Any significant rotational motion prior to the CW 
rotation has  not been detected  paleomagnetically (Hayashida et al., 1991; Otofuji et al., 
1985c, 1991). The mode of the southward rift of Southwest  Japan prior to its  CW rotation 
is considered to be translation (Hayashida et al., 1991;  lshikawa and Tagami, 1991). 
     The Oligocene to early Miocene sediments on the  Tsushima Islands, the Taishu 
Group, is composed of shallow marine  sediments.  The direction of  paleocurrent in  the 
group was estimated to trend northwestward (Nagahama et al., 1966).  The strata 
correlated to the Taishu Group has been recognized on seismic profiles in the southern 
margin of the  Tsushima  basin  (Minami, 1979). The deposition of the Taishu Group 
possibly suggests the formation of a  sedimentary basin with marine environment behind the 
western part of  Southwest Japan prior to  the CW rotation of Southwest Japan  (Kimura, 
1974). The sedimentary  basin of  the  Oligocene to early  Miocene marine sediments may 
have  been caused by the southward translation of Southwest Japan. 
 The southward translation of Southwest Japan prior to  the CW rotation may have 
been related to the formation of  the Japan Sea before 15 Ma. Geological and geophysical 
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data  from on-land and the Japan Sea have documented the older initiation of the Japan 
Sea before about 15 Ma. Early  Miocene lake and marine sediments, deposited uring the 
initial stage of the formation of the Japan Sea, are distributed along the Japan Sea coast of 
Southwest Japan (Huzioka, 1972; Kano and Yanagisawa, 1989;  Koizumi, 1988). Seismic 
reflection profiles and geologic data from  exploratory wells in the southwestern margin of 
the  Tsushima basin indicated the existence of Early Miocene or older marine sediments in 
the  region (Minami, 1979; Chough and Barg, 1987). Tamaki (1986) estimated 30 to 15 Ma 
for the Japan and Yamato basin formations based on sediment stratigraphy, basement 
depth and heat flow data. Isezaki (1986) examined the magnetic anomalies  in the Japan 
basin and suggested 19-15 Ma for the formation age of the Japan  basin. Geologic data from 
the Legs 127 and 128 of Ocean Drilling Program indicated that the Yamato Basin was 
formed in the early  Miocene before 19 Ma (Ingle et  al., 1990; Leg 127 and Leg 128 
Shipboard Scientific Parties, 1990; Tamaki et  al., 1990). Based on K-Ar and Ar-Ar ages for 
volcanic rocks obtained by Legs 127 and 128 and dredged samples from the Japan Sea 
floor, Kaneoka (1990 and 1991) suggested that the Japan and Yamato  basins were formed 
between 25 Ma to 17 Ma. The mode of the drifting of Southwest Japan during the 
formation of the Japan Sea may be summarized as follows: southward translation in Early 
Miocene or older and subsequent CW rotation at 15 Ma about a pivot on the western part 
of Southwest Japan. The mode of the drifting is likely linked to the parallel opening and 
subsequent fan-shape opening of the southwestern part of the Japan Sea. 
     The opening mode of the Japan Sea suggests that larger extension occurred behind 
the eastern part of Southwest Japan at about 15 Ma, superimposed on the extension of the 
whole area behind Southwest Japan. The Japan, Yamato, and Tsushima basins are situated 
behind Southwest Japan (Fig. 1). The Japan basin is the largest basin in the Japan Sea, 
situating in the northern half of the Japan Sea. The Yamato and Tsushima basins are 
located at the south of the Japan basin. The Yamato basin behind the eastern part of 
Southwest Japan is larger than the Tsushima  basin. The superimposed extension may have 
been related to the formation process of the Yamato basin. The formation of the Yamato 
 Basin started at about 19 Ma (e.g., Legs 127 and 128 of Ocean Drilling Program, 1990), 
while the fan-shape opening accompanied with the CW rotation of Southwest Japan 
occurred at about 15 Ma. A mechanism resulting in an abrupt large extension may have 
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been required for the formation process of the  Yamato basin. 
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5. Conclusions 
     On the basis of the paleomagnetic data from Eocene to Miocene sediments on the 
northern Kyushu Island, the landmass is divided into two different tectonic blocks. 
Northern Kyushu was subjected to the CW rotation of 27.8° ±  13.8° relative to northern 
Eurasia between 30 Ma and 14 Ma, while no significant rotation has taken place in 
Western  Kyushu since 30 Ma. 
     Considering regional geological structures, the paleomagnetic results indicate that 
the extent of Southwest Japan which experienced the CW rotation at about 15 Ma is 
truncated at the west of Northern Kyushu. The smaller amount of CW rotation (-28°) is 
suggested for the western part of Southwest  Japan (Northern Kyushu) when the main part 
of Southwest Japan was rotated  —50  ° The differential rotation suggests deformation  on 
the western part of  the rotated block during the CW rotation. The coherent rigid block 
model for the whole Southwest Japan  during the  CW rotation (e.g., Otofuji et al., 1991) 
should be modified so as to accept  deformation on  the edge of the block. 
     The transpressional deformation event in the Tsushima Strait area was coeval with 
 the CW rotation of Southwest Japan  (Ishikawa and Tagami, 1991). The deformation event 
was caused by the CW rotation of Southwest Japan about a pivot placed on the western 
part. The convergence of the western margin of Southwest Japan  during  the CW rotation 
resulted in the northwestward translation of Western Kyushu. Associated with the 
convergent tectonics, the  CCW block rotations of  the  fault-bounded blocks occurred in the 
Tsushima Strait area along the NNE-SSW fault zone. 
 The  convergent tectonics on the western margin of Southwest Japan suggest that the 
western part of Southwest Japan had been situated southward relative to the present 
position prior to  the CW rotation. Such a paleoposition of the western part may indicate 
the southward translation of Southwest Japan from  the Asian continent prior to  the CW 
rotation. The southward translation may imply the parallel opening of the southwestern 
part of the Japan Sea before the fan-shape spreading at about 15 Ma. 
                         45
Acknowledgements 
     I am indebted to Prof. S.  Nishimura and Assoc. Prof. M.  Torii of Dept. Geology and 
 Mineralogy of Kyoto University for their  continuing advice, encouragements, and 
discussions throughout this work, and for their critical  reading of the manuscript. 
     I performed  paleomagnetic  measurements at the paleomagnetic  laboratory of Dept. 
Geology and Mineralogy of Kyoto University, by courtesy of Assoc. Prof. M.  Toni and other 
members of  the  laboratory. I am much grateful to them. The assistance of H. Oda and H. 
Momose in the field work is also appreciated. 
     I would like to expressmy thanks to Drs. S. Tomita and T. Miki of Kyushu 
University for their  kindly advice and comments for this work. I would like to acknowledge 
the comments of Prof. R. Tsuchi of Shizuoka University. 
     My sincere thanks are due to Drs. Y.  Tatsumi and T. Tagami of Kyoto University, 
Dr. A. Hayashida of Doshisha  University, and Dr. H. Shibuya of the University of Osaka 
Prefecture for their helpful discussions and encouragements throughout this work. 
     I would like to thank Prof. K. Chinzei,  Prof. S. Banno, and Assoc. Prof. K.  Mori of 
Kyoto University for their critical reviewing of  the manuscript. 
     I would like to appreciate the members of Division of Physical Geology, Dept. 
Geology and Mineralogy of Kyoto University, for their discussions during  the reduction of 
 the manuscript. 
     I also appreciate Prof. S.  Matsushima, Prof. K. Ishizaka, Assoc. Prof.  0. Tamada, 
Assoc. Prof. S. Sakai, T. Okura, S. Takagishi of College of Liberal Arts and Sciences, 
Kyoto University, for their encouragements and supports throughout this work. 
     Last of all, I thank Kumiko I. 
     This work was supported in part by a  Grant-in-Aid (No. 01740453)  from the 
Japanese  Ministry of Education, Science and Culture. 
                        46
References 
 Berggren W. A., D. V. Kent, J. J. Flynn and J. A. V. Couvering, Cenozoic geochronology, 
   Geol. Soc.  Am. Bull., 96, 1407-1418, 1985. 
Beck, M. E., Jr., Paleomagnetic record of plate-margin tectonic processes along the 
   western edge of North America, Jour. Geophys. Res., 85,  7115-7131, 980. 
Blow, W.  H., Late Middle Eocene to Recent planktonic foraminiferal biostratigraphy, 
 Proc.  1st  Int.  con':  Planktonic Microj'ossils, Geneva, pp. 199-422, 1969. 
 Bukry, D., Low-latitude coccolith biostratigraphic zonation,  ha Rep. DSDP., 15, 685-703, 
   1973. 
Creer, K. M. and Y. Ispir, Paleomagnetic and rock magnetic studies on Cenozoic basalts 
   from  Kyushu,  Japan,  Geophys.  J R. astr. Soc., 20, 127-148, 1970. 
Chough, S. K. and E. Barg, Tectonic history of Ulleung basin margin, East Sea (Sea of 
   Japan), Geology, 15, 45-48, 1987. 
Demarest, H.  H., Jr., Error analysis for the determination of tectonic rotation from 
 paleomagnetic data, J. Geophys. Res., 88, 4321-4328, 1983. 
Faure, M.,  0. Fabbri, and P. Monie, The Miocene bending of Southwest Japan: new 
   39Ar-40Ar and microtectonic onstrains from the Nagasaki schists (western Kyushu), an 
   extension of the Sanbagawa high-pressure belt, Earth Planet.  Sci.  Lett., 91, 105-116, 
   1988. 
Fisher, R. A., Dispersion on a sphere, Royal Society of London Proceedings, er. A, 217, 
   295-305, 1953. 
Fukuma K. and M.  Tofii, Paleomagnetic pole from Late Cretaceous Koto Rhyolites, 
   Southwest Japan, Rock Mag.  Paleogeophvs., 17, 65-72, 1990. 
Fukuoka Prefecture, Land classification  basical survey  (Omuta, Yamaga, Arao), pp. 55, 
   1987 (in Japanese). 
Geological Survey of  Japan, 1:200,000 Geological Map, Karatsu, 1959. 
Geological Survey of Japan, 1:200,000 Geological Map, Nagasaki, 1989. 
Halls, H. C., A least-squares method to find a remanence direction from converging 
   remagnetization circles, Geophys. J R. astr. Soc., 45, 297-304, 1976. 
 Hayashida, A., Timing of rotational motion of Southwest Japan inferred from 
   paleomagnetism of the  Setouchi Miocene Series, J.  Geomag.  Geoelectr., 38,  295-310, 
   1986. 
Hayashida, A. and Y. Ito, Paleoposition of Southwest Japan at 16 Ma: implication from 
   paleomagnetism of the Miocene Ichishi Group,  Earth Planet.  Sci.  Lett., 68, 335-342, 
   1984. 
Hayashida, A., T. Fukui and M.  Torii, Paleomagnetism of the Early Miocene Kani Group 
   in Southwest Japan and its implication for the opening of the Japan Sea, Geophys. Res. 
 Lett., 18, 1095- 1098, 1991. 
                         47
Hoshino, K., Outline of tectonic movements on the Korean Peninsula,  Chishitsu News, 366, 
  28-42, 1985 (in Japanese). 
 Huzioka, K., On the formative period of the Japan Sea, Jour.  Japanese Assoc. Petrol. 
   Technologists, 37, 3-14, 1972 (in Japanese). 
 Ichikawa, K., On restoration of Japan Sea area. Implications from correlation between 
   Paleozoic and Mesozoic geology on Southwest Japan and the  Korean Peninsula, 
  Kagaku, 42, 630-633, 1972. 
Ingle, J. C., Jr, K. Suyehiro, M. T. von Breymann et  al.. Proc. ODP,  Init.  Repts.,  128, pp. 652, 
   Ocean Drilling Program, College Station, TX, 1990. 
Inoue, E., Geological problems on Cretaceous and  Tertiary rocks in and  around 
   Tsushima-Korea Straits, U.N.  ESCAP CCOP Tech.  Bull.,  15,  85-121, 1982. 
Irving, E. and G. A. Irving, Apparent polar wander paths Carboniferous through Cenozoic 
   and the assembly of Gondwana, Geophys. Surveys, 5,  141-188, 1982. 
Isezaki, N., A magnetic anomaly map of the Japan Sea, J.  Geontag.,  Geoelectr., 38, 403-410, 
   1986. 
Ishikawa N., Differential rotation of the western part of Southwest Japan: paleomagnetic 
   study in the northern part of the  Kyushu Island, Rock Mag.  Paleogeophys., 17, 73-79, 
   1990. 
Ishikawa N. and T.  Tagami, Paleomagnetism and fission-track geochronology on the Goto 
   and Tsushima Islands in the Tsushima Strait area: implications for the openingmode 
   of the Japan Sea, J.  Geontag.  Geoelectr., 43, 229-253, 1991. 
Ishikawa, N., M.  Tofii, and  K. Koga, Paleomagnetic study of the Tsushima Islands, 
   southern margin of the Japan Sea, J.  Geotnag. Geoelectr., 41, 797-811, 1989. 
Ito, H. and K. Tokieda, Tilting movements of the Japanese Islands inferred from 
   Cretaceous and early Tertiary paleomagnetic data, J.  Geontag. Geoelectr., 38, 361-386, 
   1986. 
Itoh, Y., Differential rotation of the eastern part of Southwest Japan inferred from 
 paleomagnetism of Cretaceous and Neogene rocks, Jour. Geophys.  Res., 93, 3401-3411, 
   1988. 
Itoh, Y. and Y. Ito, Confined ductile deformation in the Japan arc inferred from 
   paleomagnetic studies, Tectonophysics, 167, 57-73, 1989. 
Kaneoka, I., Radiometric age and Sr isotope characteristics of volcanic rocks  from the 
   Japan Sea floor,  Geochent. Jour., 24, 7-19, 1990. 
Kaneoka, I., Period for the opening of the Japan Sea - Constraints on the time of evolution 
   of the Japan Sea floor based on K-Ar and 40Ar-39Ar ages, Chishitsu News, 442, 16-29, 
   1991 (in Japanese). 
Kano, K., and Y. Yanagisawa, Ages of the Aniai-type and Daijima- type floras in Japan, 
  Bull. Geol. Surv. Japan, 40, 647-653, 1989 (in Japanese with English abstract). 
                         48
Kano, K., K. Kosaka, A. Murata and S. Yanai, Intra-arc deformations with vertical rotation 
   axes: the case of the pre- Middle Miocene terranes of Southwest Japan, Tectonophysics, 
   176, 333-354, 1990. 
Kano, K., H. Kato, Y. Yanagisawa and F. Yoshida (ed.), Stratigraphy and geologic  history 
   of the Cenozoic of Japan, Report, Geol. Surv. Japan, 274, pp. 114, 1991 (in Japanese 
  with English abstract). 
Katsura, T. and M. Nagano,  Geomorphology and tectonic movement of the sea floor, 
   northwestern off Kyushu, Japan, J. Oceanogr. Soc. Japan, 32, 139-150, 1976 (in 
   Japanese with English abstract). 
Kimura T., The ancient continental margin of Japan, in The Geology of continental margins, 
   edited by C. A. Burk and C. L. Drake, Springer-Verlag, New  York, 819-829, 1974. 
Kirschvink, J. L., The least-squares line and plane and the analysis of paleomagnetism, 
   Geophys. J. R astr. Soc., 62, 699-718, 1980. 
Kizaki, K.,  Kyushu Western Marginal Shear and its significance, Earth Sci., 33, 144-151, 
   1979 (in Japanese). 
Kizaki, K., Geology and tectonics of the Ryukyu Islands,  Tectonophysics,  125,193-207, 1986. 
Koga, K.,Development of geologic structures of the Taishu Group in Tsushima Islands, 
   Nagasaki Prefecture, Southwest Japan, graduation thesis of Nihon University, 48 pp, 
   1982. 
Koizumi, I., Early Miocene proto-Japan Sea, Jour. Paleont. Soc. Korea, 4, 6-20, 1988. 
Lee, D. S. (ed.), Geology of Korea,  514p, 1987. 
Leg 127 and Leg 128 shipboard scientific parties, Evolution of  the Japan Sea, Nature, 346, 
   18-20, 1990. 
McElhinny, M. W., Statistical significance ofthe fold test in paleomagnetism, Geophys. J. 
 R  astr. Soc., 8, 338-340, 1964. 
McFadden, P. L. and M. W. McElhinny, The combined analysis of remagnetization circles 
   and direct observations i  paleomagnetism, Earth Planet. Sci.  Lett., 87, 161-172,1988. 
Mild, T., Formation and development of  sedimentary basins during the Paleogene in 
   Amakusa nd its adjacent area, western Kyushu,  Mein. Fac.  Sci, Kyushu Univ., Ser. D, 
   Geol., 23, 165- 209, 1975. 
Mild, T., Restudy of the lowest parts of the Paleogene sequences  in western Kyushu, Japan, 
 Sci. Repts., Dept. Geol.,  Kyushu Univ., 14,  63-71, 1981 (in Japanese with English 
   abstract). 
Miki, T. and H. Matsueda, Genesis of the Paleogene purple-red beds in Western Kyushu, 
   Japan,  Mein. Fac. Sci., Kyushu Univ., Ser. D,  Geol., 25, 339-415, 1985. 
Minami, A., Distribution and characteristics of the  sedimentary basin offshore San-in to 
   Tsushima Islands, J. Japanese Assoc. Petrol.  Technologists, 44,  321-328, 1979(in 
   Japanese with English abstract). 
                         49
Murata, A., Conical folds in the Hitoyoshi  bending, South Kyushu, formed by the clockwise 
   rotation of the Southwest Japan arc, Jour.  Geol. Soc. Japan, 93,  91-105, 1987a. 
Murata, A., Hokusatsu bend and clockwise rotation of the Southwest Japan arc, Jour. Fac. 
   Sci.  Univ. Tokyo, Sec. II, 21, 333-349, 1987b. 
Nagahama, H., Diagonal bedding and accumulation of  Tertiary sediments in northwestern 
   Kyushu, Japan, Report, Geol. Surv. Japan, 211, 72 pp, 1965 (in Japanesewith English 
   abstract). 
 Nagahama, H., H. Isomi, C. Ono and S. Sato, Dagger blade structure a new method for 
   detecting line of depositional current of siltstone -, Jour. Geol. Soc. Japan, 72,  531-540, 
   1966. 
Nakajima, T. and K. Hirooka, Clockwise rotation of Southwest Japan inferred from 
   paleomagnetism of Miocene rocks in Fukui Prefecture, J.  Geontag. Geoelectr., 38, 
   513-522, 1986. 
Nomura, S., On the properties of the paleomagnetic polarity of the Neogene and 
 Quaternary volcanic rocks in Japan, Gunma Journal of Liberal Arts and Science, 1, 
   11-35, 1967. 
Otofuji, Y. and T. Matsuda, Paleomagnetic evidence for the clockwise rotation of 
   Southwest Japan, Earth Planet. Sci.  Lett., 62, 349-359, 1983. 
Otofuji, Y. and T. Matsuda, Amount of clockwise rotation of Southwest Japan - fan shape 
   opening of the southwestern part of the Japan Sea, Earth Planet. Sci.  Lett., 85, 289-301, 
   1987. 
Otofuji, Y, T. Matsuda, and S. Nohda, Paleomagnetic evidence for Miocene 
   counter-clockwise rotation of Northwest Japan-rifting process of the Japan Sea, Earth 
   Planet.  Sci. Lett., 75, 265- 277, 1985a. 
Otofuji, Y, T. Matsuda, and S. Nohda, Opening mode of the Japan Sea inferred from the 
   paleomagnetism of the Japan Sea, Nature, 317, 603-604, 1985b. 
Otofuji, Y., A. Hayashida, and M.  Torii, When was the Japan Sea opened  7  : 
   Paleomagnetic evidence from Southwest Japan, in  Formation  of  Active Ocean Margins, 
   edited by N. Nasu, S. Uyeda, I. Kushiro, K. Kobayashi, and H. Kagami. Terrapub, 
   Tokyo, pp.  551-566, 1985c. 
Otofuji, Y., T. Itaya, and T. Matsuda, Rapid rotation of southwest Japan - paleomagnetism 
   and K-Ar ages of Miocene volcanic rocks of southwest Japan, Geophys. J  Int., 105,  397-
   405, 1991. 
Ozawa, T., A. Taira, and F.  Kobayashi, How was the geologic structures of SW Japan 
   formed  ?, Kagaku (Science), 55, 4-13, 1985 (in Japanese). 
Ozima, M., I. Kaneoka, M. Kono, H. Kinoshita, K.  Kobayashi, N. Ohnaka and T. Nagata, 
   Paleomagnetism and K-Ar ages of successive lava flows (2), - Kita-Matsuurabasalts, 
   Kyushu, Japan -, J. Geomag. Geoelectr., 20, 85-92, 1968. 
                         50
Saito, T. and H. Okada, Oligocene calcareous plankton  microbiostratigraphy of the Ashiya 
   Group, North Kyushu, in  Biostratigraphy and International  Correlation of  the Paleogene 
   System inJapan, edited by T. Saito et  al., 85-87, 1984 (in Japanese). 
Sakai, H. and H.  Nishi, Geologic ages of the Taishu Group and the Katsumoto Formation 
   in the  Tsushima nd Iki Islands, off Northwest  Kyushu on the basis of planktonic 
 foraminifers, Jour.  Geol. Soc. Japan, 96, 389-392, 1990. 
Sakai, H., H.  Nishi and M.  Miyachi, Geologic age of the unconformity between the Sasebo 
   and the Nojima Groups, Northwest Kyushu and its tectonic significances, Jour. Geol. 
   Soc. Japan, 96, 327-330, 1990. 
Shibata, K., Contemporaneity of Tertiary  granites in the Outer Zone of Southwest Japan, 
  Bull. Geol. Surv. Japan, 29, 551-554, 1978 (in  Japanese with English abstract). 
Shibata, K. and K. Ono, K-Ar ages of the Ono volcanic rocks in the central part of the 
   Kyushu Island, Bull. Geol.  Sum. Japan, 25, 663-666, 1974 (in Japanese with English 
   abstract). 
Shimada, N., Lead-zinc ore deposits of the  Tsushima Islands,  Nagasaki Prefecture, with 
   special reference to  Shigekuma-type mineralization,  Mein.  Rte. Sci. Kyushu Univ.,Ser. 
   D, 23, 417- 480, 1977. 
 Shimazaki,  H., K. Sato, and H. T.  Chou, Mineralization associated with Mesozoic felsic 
   magmatism in Japan and korea,  Mitt. Geol., 37,  297-310, 1981. 
Tamaki, K., Age estimation of the Japan Sea on the basis of stratigraphy, basement  depth, 
   and heat flow data, J.  Geontag.  Geoelectr., 38, 427-446, 1986. 
Tamaki, K., K. Pisciotto, J. Allan, et al., Proc. ODP,  Init. Repts., 127, pp. 844, Ocean 
   Drilling Program, College Station, TX, 1990. 
Tashiro M., H. Okada, A. Taira and M. Otsuka, Middle Eocene calcareous nannofossils 
   from the basal part of the Tertiary  strata in  Amakusa-Shimojima, Kyushu, Jour. Geol. 
   Soc. Japan, 86,  139-141, 980 (in Japanese). 
Tatsumi, Y., M.  Toni and K. Ishizaka, On the age of the volcanic activity and the 
   distribution of the Setouchi Volcanic Rocks - age determination for Setouchi Volcanic 
   Rocks, No. 5-, Bull. Vol. Soc. Japan, 25, 171-179, 1980 (in Japanese withEnglish 
   abstract). 
Tomita, S., A. Yamashita, K. Ishibashi, T. Mild, R.  Takahashi, T.  Shuto, H. Urata, I. 
   Hashimoto, E. Honza and C.  Igarashi, Submarine geology west of the Tsushima 
   Islands, Sci. Rept. Dept. Geol.,  Kyushu Univ., 12, 77-90, 1975 (in Japanese with English 
   abstract). 
 Torii, M. and N. Ishikawa, Paleomagnetic directions from Middle Miocene igneous rocks 
   in central eastern Kyushu Islands,  Rock  Mag.  Paleogeophys.,  131-5, 1986. 
Tosha, T. and Y.  Hamann, Paleomagnetism of Tertiary rocks from the Oga Peninsula nd 
   the rotation of Northeast Japan,  Tectonics,  7, 653-662, 1988. 
                         51
Tsuchi, R., T. Shuto and M. Ibaraki, Geologic ages of the  Ashiya Group, North Kyushu 
   from a viewpoint of planktonic foraminifera, Repts. Fac. Sci. Shizuoka Univ., 21, 
   109-119, 1987. 
Uyeda, S. and A. Miyashiro, Plate tectonics and the  Japanese Islands: A synthesis, Geol. 
 Soc.  Am. Bull., 85, 1159-1170, 1974. 
Yasuda N., Microbiostratigraphy of the Paleogene strata in Amakusa-Shimojima, 
   Kumamoto Prefecture, in Biostratigraphy and  Intentational Correlation of the Paleogene 
   System in Japan, edited by T. Saito et  al., 89-94, 1984 (in Japanese). 
Zijderveld, J. D. A., A. C. demagnetization of rocks: Analysis  fo results, in Methods in 
 Paleomagnetism, edited by D. W. Collinson, K. M. Creer, and S. K. Runcorn, pp. 
   254-268, Elsevier, Amsterdam, 1967. 
                         52
